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One-step Generation of Phenotype-expressing Triple-knockout Mice 
with Heritable Mutated Alleles by the CRISPR/Cas9 System 
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Abstract. Triple -knockout mice generated by the one-step CRISPR/Cas9 system were examined for the effects of muhiple 
gene modifications on each phenotype and individual gene function. Sixty embryos were transferred, and 9 pups were obtained; 
all 9 pups had mutations on 3 loci, and 7 pups showed mutations in all-alleles. FO mice showed knockout phenotypes or no 
protein expression of target genes simultaneously, and these mutations were normally inherited in the next generation. 
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The CRISPR/Cas9 system consists of synthetic guide RNA (gRNA), 
which recognizes and binds with a target genome DNA, and Cas9 
endonuc lease, which is recruited to the target sequence by gRNA and 
induces DNA double-strand breaks and subsequent repair-associated 
mutations to a target sequence [1, 2]. This system is expected 
to provide an easy, inexpensive and fast method for mammalian 
genome modification. Unlike the DNA binding domain-conjugated 
artificial endonucleases, such as zinc finger nucleases (ZFNs) and 
transcription activator-like effector nucleases (TALENs), the CRISPR/ 
Cas9 system is suitable for multiple genome mutations, because 
plural DNA-recognizing-molecules can be applied to multiple targets 
simultaneously at a constant concentration of Cas9 endonuclease. 
We previously developed a highly expressing Cas9 by addition 
of the 3' untranslated region (UTR) of mouse TATA box-binding 
protein-like 1 (Tbpll) mRNAwith a 95-bp polyadenine tail directly 
to the 3' UTR of Cas9 itlRNA and reported efficient generation of 
mice with double mutations in the Hprt gene or a large-scale (more 
than 10 kb) deletion between two Hprt target sites with almost no 
off-target effects [3]. To date, successful generations of Tetl and 
Tet2 double-knockout mice, Tetl and Tet2 biallelic rats with Tet3 
monoallelic mutations and a quintuple-knockout immunodeficient 
mouse have reportedly been generated by a zygote-mediated CRISPR/ 
Cas9 system [4-6]. These studies focused most of their attention on 
the generation efficiency of the CRISPR/Cas9 system and chosen the 
target genes accordingly a similar fiinction. Thus, to the best of our 
knowledge, the effects of multiple genome modifications on each 
gene phenotype have not yet been examined nor has there been any 
analysis of individual gene fiinction. 
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In the present study, we addressed whether triple-knockout mice 
generated by our CRISPR/Cas9 system expressed each phenotype 
or protein expression as reported in single-knockout mice. To that 
end, genes expressing easily observable phenotypes were selected for 
targets as follows. Tyrosinase (Tyr) is essential for melanin pigment 
biosynthesis, and a deficiency of it whitens the coat color of colored 
mouse strains [7]. Growth differentiation factor-8 (GdfS), also known 
as myostatin, is an inhibitor of muscle development, and its deficiency 
induces a muscle hypertrophy phenotype [8] . We chose Hprt on the X 
chromosome for the third target because high-efficiency knockout of 
it was demonstrated in our previous study [3] and we expected to be 
able to easily detect its protein expression by immunoblotting. Human 
Hprt deficiency results in the hyperproduction of uric acid, known as 
Lesch-Nyhan syndrome, but no clear phenotype has been observed 
in mouse Hprt deficiency due to the presence of a compensation 
mechanism [9]. We tried to generate triple-knockout mice of these 
three genes using the CRISPR/Cas9 system with a highly expressing 
Cas9 we developed previously [3] and confirmed the expression of 
the same phenotypes as those reported in single-knockout mice of 
Tyr and GdfS and no expression of Hprt protein. Furthermore, we 
confirmed normal transmission of the modified genes to the next 
generation through multiple gene-deficient gemline cells. 

We synthesized three gRNAs targeting Tyr, GdfS and Hprt 
(Supplementary Table 1 : on-hne only), and these gRNAs and Cas9 
mRNA were injected simultaneously into 60 fertilized eggs of 
C57BL/6N mice. Nine pups (15%) were obtained, and their target 
sequences were confirmed by PCR-direct sequencing using tail tip 
DNAs. We found that all 9 pups had genome modifications in three 
target sites, and that 7 pups had modifications in all alleles, including 
biallelic mutations of three genes in females and biallelic mutations 
of Tyr and GdfS and hemiallelic mutation of Hprt in males (Fig 
lA). We examined the off-target effects in 3 sites each for Tyr and 
GdfS and detected no off-target effects in any of the examined sites 
(Supplementary Table 2: on-line only). 

A white coat color was observed in all 9 pups, indicating the 
successful knockout of 2yr genes (Fig. IB, C). Although 8 pups were 
completely white (Fig. IB), one pup (#8 in Supplementary Fig. 1: 
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Fig. 1. Generation of triple-knockout mice and their phenotypes. Approximately 4 pi of RNA solution 
containing 10 ng/|il each of Cas9 mRNA, Tyr gRNA, Gdf8 gRNA and Hprt gRNA was injected into the 
cytoplasm of each one-cell embryo and cultured in Ml 6 medium. Sixty 2-cell embryos were transferred 
into the oviductal ampullae (10 embryos per oviduct) of 3 recipients. (A) Generation efficiency of triple- 
knockout mice. (B) Three examples of the 8 pups (#l-#3 in Supplementaiy Fig. 1) with a white coat 
color over the whole body. (C) One of the 9 pups (#8 in Supplementary Fig. 1) showed a black and white 
striped mosaic coat pattern. (D) Immunoblotting of Hprt and beta-Actin using a muscle sample from 
an Hprt biallelic knockout female pup (#1 in Supplementary Fig. 1). (E) Hyperproduction of skeletal 
muscle in a knockout mouse (KO, # 1 in Supplementary Fig. 1 ) compared with a wild-type mouse (WT). 
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Fig. 2. Inheritance of multiple mutated alleles in the next generation. (A) Six F 1 pups were obtained from 
a triple-knockout FO female (#2 in Supplementary Fig. 1) mated with a wild-type male. (B) Target 
sequences of both alleles of the FO female were confirmed by PCR-direct sequencing using tail tip DNAs 
and are shown here with wild-type sequences. (C) A pedigree obtained from sequence analyses of the FO 
female and F 1 pups. 
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on-line only) had white and black stripes indicating mosaicism (Fig. 
IC). Hprt protein was not detected by immunoblotting using muscle 
samples from an Hprt biallelic knockout pup (#1 in Supplementary 
Fig. 1 ), indicating inhibition of gene expression by biallelic destruction 
(Fig. ID). Amuscle hypertrophy phenotype was observed by external 
appearance in 8 pups with biallelic knockout of Gdf8 (data not shown). 
Clear hyperproduction was observed in the subcutaneous muscle 
phenotype compared with wild-type mice, indicating the successful 
knockout of Gdf8 genes (Fig. IE). These results demonstrate that 
the CRISPR/Cas9 system is able to modify 3 target sites (6 alleles 
in females and 5 alleles in males) simultaneously and efficiently, 
and that the phenotypes of triple-knockout mice are comparable to 
those of corresponding single-knockout mice [7-9], suggesting the 
possibility of generating mice with multiple knockout mutations by 
the CRISPR/Cas9 system for gene function analysis. 

The targeted sequences of a female mouse (#2 in Supplementary 
Fig. 1) with biallelic mutation in 3 genes are shown in Fig. 2B, and 
6 F 1 pups were obtained from this female mouse after crossing with 
a wild-type male mouse (Fig 2C). We examined the target sequences 
of these Fl pups and found that 3 sites of each allele were identical 
to one of the mutated alleles of the mother in all pups (Fig. 2C and 
Supplementary Fig. 2: on-line only). These results indicate that 
the female mouse in question was certainly a mouse with targeted 
mutations in all alleles including gemline cells and that the modified 
genes were transmitted normally to the next generation through 
multiple gene-deficient gemline cells. 

In the present study, all target alleles of almost all the obtained 
pups were mutated. A previous report concerning multi-gene targeting 
by CRISPR/Cas showed lower mutation efficiencies and suggested 
the necessity of designing plural gRNAs for each gene in order to 
improve the gene destruction efficiency [6]. The Cas9 mRNAused 
in the present study is expected to be translated stably, because the 
construct contains a partial sequence of the Tbpl 1 3 ' UTR with a 
95-base polyadenine [3], which has been reported to induce high 
translation efficiency [10]. In addition, the present target sequences 
had more than 40% GC contents, according to the previous indication 
that the high GC contents of target sequence might be correlated to 
the high genome modification efficiencies [3]. These optimizations 
might be attributed to the high genome-modification efficiency in the 
present study, and it should be possible to adopt the present system 
for destruction of more genome loci simultaneously. On the other 
hand, the off-target effects may increase along with the increasing 
number of target loci. Recently, we reported the application of 
an offset-nicking method, which consisted of a Cas9-nickase and 
paired gRNAs, to mouse zygotes directly and showed that the 
method was suitable for generation of genome-modified mice and 
avoiding off-target effects [1 1]. By applying this method, mice with 
multiple knockout mutations can be efficiently generated without 
off-target risks. 

A white coat color, the Tyr knockout phenotype, was observed 
in all 9 pups in spite of the in-frame mutation in four pups (#4, #5, 
#7 and #8 in Supplementary Fig. 1). Their Tyr proteins should be 
expressed with only few amino acid mutations, suggesting that the 
mutated amino acids were essential for the tyrosinase activity and 
that the present Tyr target locus is critical for the physiological 
function. Regarding Hprt, 8 pups showed mutations in all alleles. 



but no clear phenotype was observed, as reported previously [9]. 
Although we examined the Hprt protein expression in only 1 pup 
(#2 in Supplementary Fig. 1), the translation initiation sites were 
removed, and therefore Hprt protein should not be expressed in all but 
one of the pups, which escaped removal of the translation initiation 
site and showed an in-flame mutation (#3 in Supplementary Fig. 1). 
Muscle hypertrophy, the Gdf8 knockout phenotype, was observed 
in the 8 pups showing mutations in all alleles including 2 pups 
showing an in-flame mutation (#4 and #8 in Supplementary Fig. 
1). This should indicate the importance of mutated amino acids for 
myostatin fiinction. On the other hand, this pup had mosaicism as 
shown by its coat color, and there is a possibility that the mutation 
pattern of the tail tip DNA was different from that of the target 
tissues. Although almost all analyses of genome-modified animals 
to date have been performed using tail tip DNA obtained from FO 
mice, the present results of Tyr gene modification and our previous 
report [3] indicate the risk of mosaicism in genome modification 
using the CRISPR/Cas9 system, and therefore tail tip DNA of FO 
mice does not always reflect the strict genotype. We propose the use 
of Fl mice for systematic analysis of phenotypes in knockout mice 
generated by the CRISPR/Cas9 system. 

In the present study, almost all of the obtained pups showed 
mutations in all target alleles, and the mutated alleles were inherited 
simultaneously in the next generation. Mutated Tyr and Gdf8 expressed 
phenotypes as reported in single-knockout mice. These results indicate 
that a zygote-mediated CRISPR/Cas9 system is usable for efficient 
analysis of plural gene functions in vivo. This system is expected 
to contribute to studies on the complicated features of the in vivo 
functions of plural genes, especially family genes or regulons that 
have compensation functions. 

Methods 

Ethics Statement 

All animal care and experiments conformed to the Guidelines for 
Animal Experiments of The University of Tokyo and were approved 
by the Animal Research Committee of The University of Tokyo. 

Construction ofgRNA coding vectors 

Target sequences for Tyr and GdfS (Supplementary Table 1) were 
designed, and plasmid vectors coding gRNAs with T3 promoter 
for each target were synthesized according to a previous study [3]. 
Regarding /^prt, previously reported target sequence (Supplementary 
Table 1) and the gRNA-coding vector [3] were used in the present 
study. These vectors were sequenced using a commercial sequencing 
kit (Apphed Biosystems, Foster City, CA, USA) and a DNA sequencer 
(Applied Biosystems) according to the manufacturer's instructions. 

In vitro transcription ofCAS9, gRNAs and ZFNs 

For in vitro synthesis of CAS9 mRNAs, CAS9-coding vector 
reported in a previous study [3] was linearized by SphI and transcribed 
in vitro with T3 RNA polymerase (Promega) in the presence of 
m7G(5 ')ppp(5 ')G to synthesize capped RNA. In the case of gRNAs, 
each gRNA vector was linearized by Dral and transcribed by the 
same procedure but without m7G(5')ppp(5')G to avoid formation 
of the cap structure. The RNA transcripts were precipitated with 
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absolute ethanol, washed and resuspended in RNase-free water. The 
RNA solutions were stored at -80 C until use. 

Microinjection 

Sexually immature female C57BL/6NCr mice (4 weeks old) were 
superovulated by intraperitoneal injection of 7.5 lU eCG followed 
by 7.5 lU hCG at an interval of 48 h and mated overnight with 
C57BL/6NCr male mice that were >12 weeks old. Zygotes were 
collected after 20 h of hCG injection by oviductal flushing, and 
zygotes with pronuclei were put into M2 medium. Microinjection 
was perfomied using a microscope equipped with a microinjector 
(Narishige). Approximately 4 pi of RNA solution containing 10 ng/ 
|j,l each of CAS9 mRNA, Tyr gRNA, GdfS gRNA and Hprt gRNA 
was injected into the cytoplasm of each zygote using continuous 
pneumatic pressure. After injection, all zygotes were cultured in 
Ml 6 medium and subjected to the following experiments. 

Embryo transfer and mutation analysis of obtained pups 

Two-cell embryos injected with CAS9 mRNA and gRNAs were 
transferred into the oviductal ampullae (10 embryos per oviduct) 
of 7-8-week-old female ICR mice mated with vasectomized ICR 
males at the previous night. After birth, genome DNA was extracted 
from the tail tips and subjected to PCR for on-target (Supplementary 
Table 1) and off-target loci (Supplementary Table 2) using the 
primers shown in Supplementary Table 3. The off-target loci for 
Tyr and GdfS target sequences, which were newly designed in the 
present study, were searched using TagScan [12]. Off-target effect 
for Hprt was not analyzed in the present study, as a previous study 
showed no off-target effect in five off-target loci fox Hprt [3]. PCR 
products were purified by agarose gel electrophoresis, and the 
extracted fragments were directly sequenced as described earlier in 
the text. The predicted mutation pattern of each allele was analyzed 
by sequence data according to a previous protocol [3]. 

Immunoblotting of muscle-derived protein 

Western blot analysis was performed according to the standard 
protocol. Five-millimeter pieces of muscle that were obtained from 
the legs of knockout and wildtype mice were homogenized with a 
Potter homogenizer and were suspended in Laemmli buffer. The 
antibodies used were anti-HPRT polyclonal antibody (sc-20904, Santa 



Cruz Biotech, Santa Cruz, CA, USA) and anti-P-actin polyclonal 
antibody (GTX109639, GeneTex, Irvune, CA, USA). To visualize the 
protein-bound antibodies, horseradish peroxidase-conjugated anti-goat 
IgG and anti-rabbit IgG (Jackson ImmunoResearch Laboratories, 
West Grove, PA, USA) were used for the second layer, respectively, 
followed by a detection procedure using an ECL detection kit 
(Amersham-Pharmacia) according to the manufacturer's protocol. 
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